The microstructural evolution of a single crystal of yttria-stabilized zirconia ͑YSZ͒ implanted with Ti has been studied by cross-sectional transmission electron microscopy ͑TEM͒. The implantation of 180 keV Ti ions to a dose of 1ϫ10 17 ions/cm 2 was completed at room temperature. After annealing at 1100°C in an Ar atmosphere for 2 h, a phase transition from the fluorite structure of ZrO 2 to an isometric pyrochlore structure-type, A 2 B 2 O 7 , occurred due to cation ordering. Fluorite and pyrochlore are two important isometric structure-types. Yttria stabilized zirconia ͑YSZ͒, with the fluorite structure, has been studied as an inert matrix fuel for ''burning'' plutonium that originates from the dismantlement of nuclear weapons or the reprocessing of nuclear fuel from commercial power reactors.
Fluorite and pyrochlore are two important isometric structure-types. Yttria stabilized zirconia ͑YSZ͒, with the fluorite structure, has been studied as an inert matrix fuel for ''burning'' plutonium that originates from the dismantlement of nuclear weapons or the reprocessing of nuclear fuel from commercial power reactors. 1, 2 Pyrochlore with the general formula of A 2 B 2 O 7 ͑A and B are metal elements͒ is isometric and an important candidate material for the immobilization of plutonium and other actinides. 3, 4 Both of these structurally related materials are also important fast ion conductors that can be used as a component in oxygen sensors, oxygen pumps, and solid oxide fuel cells. 5, 6 Pyrochlore is a derivative of the fluorite structure. 7 Wang et al. have reported that pyrochlore compositions, such as Gd 2 Ti 2 O 7 and Y 2 Zr 2 O 7 , undergo a pyrochlore-to-fluorite structure transformation at different temperatures with the irradiation of Kr ϩ ions at the early stage of irradiation. 8, 9 A similar result has also been confirmed by Smith et al. and Begg et al. using x-ray diffraction and Raman spectroscopy. 10, 11 This structural transition is a radiation-induced orderdisorder transformation. [8] [9] [10] [11] However, the reverse process has not been observed. In this letter, we report the transformation of the fluorite-structure of ZrO 2 to the ordered structure of pyrochlore by ion implantation.
A well-polished YSZ ͑9.5 mol % Y 2 O 3 ͒ single crystal wafer of ͑001͒ orientation was implanted with 180 keV Ti ϩ ions to a dose of 1.0ϫ10 17 
/cm
2 . The ion implantation was conducted at room temperature using a Varian 200 ion implanter. A subsequent thermal anneal was completed at 1100°C in an Ar atmosphere for 2 h. The Ti ϩ ion distribution and damage profile in the YSZ matrix was calculated using SRIM 2000. 12 A displacement energy of 40 eV was used for every type of atom in YSZ. 13 According to the calculation, this irradiation causes a maximum damage level of 120 displacements per atom at the depth of 45 nm and the Ti ϩ ion concentration has a maximum of 15 at.% at the depth of 85 nm ͑Fig. 1͒. Cross-sectional transmission electron microscopy ͑TEM͒ analysis was completed using a JEM 2010F electron microscope in the Electron Microbeam Analysis Laboratory ͑EMAL͒ of the University of Michigan.
A low magnification TEM image ͓Fig. 2͑a͔͒ shows the cross-sectional microstructure of the YSZ sample after Ti ϩ implantation, followed by thermal treatment. The strain contrast in the region from a depth of ϳ45-ϳ105 nm below the surface corresponds to the defects formed due to implantation. The selected area electron diffraction ͑SAD͒ pattern in the ͓110͔ direction showed a sharp gϮ1/2 ͗111͘ type satellite reflection, 14 where g corresponds to the strong Bragg peak of the underlying fluorite structure, as shown in the Fig. 2͑c͒ . In the near surface area and the area beyond the end-of-range of the implanted ions, the satellite reflections are not evident ͓Fig. 2͑b͔͒. By using high-resolution electron microscopy a͒ Fig. 3͑a͒ also confirmed the formation of the pyrochlore phase ͓Figs. 3͑b͒ and 3͑c͔͒. As shown in Fig. 3͑a͒ , the d spacing of the ͑200͒ lattice fringe of pyrochlore is 0.513 nm, while it is 0.258 nm for the fluorite structure, almost one half that of the pyrochlore structure. The orientational relationship between the YSZ host and the pyrochlore precipitates is completely coherent, i.e., ͓110͔ YSZ //͓110͔ P , and (111) YSZ //(111) P . The isolated Y 2 (Ti x Zr 1Ϫx ) 2 O 7 nanodomains were approximately 20-25 vol % in the Ti concentration peak region shown in Fig. 2͑a͒ . Energy dispersive x-ray spectroscopy analysis with a 0.5 nm beam spot has indicated a strong Y enrichment in the nanodomains with the superlattice structure.
Because of the formation of nanodomains of Y 2 (Ti x Zr 1Ϫx ) 2 O 7 phase, the segregation of Y is inevitable. The enrichment of Y in the Y 2 (Ti x Zr 1Ϫx ) 2 O 7 phase may result in a lower amount of Y in the surrounding fluorite structure. However, the remaining amount of Y in the surrounding fluorite structure can still stabilize the fluorite structure. The monoclinic ZrO 2 phase, a distorted fluorite structure ͑aϭ0.5146 nm, bϭ0.5213 nm, cϭ0.5311 nm, and ␤ϭ99.2°͒, which will be formed in the entirely Y-depleted zones due to the segregation of Y, has not been observed in this experiment.
The formation of the pyrochlore phase can be explained to be the result of ordering of cations in the fluorite structure. Ion beam implantation produces a high density of defects due to atomic collisions in the host materials. The local stoichiometric composition may change due to the irradiationinduced segregation and the presence of implanted ions. Defect accumulation and ion mixing increase the free energy of the host material. 15 Although relaxation towards equilibrium occurs during implantation, the period for relaxation is too short ͑10
Ϫ12 -10 Ϫ9 s͒, 16 and the mixture of the matrix and implanted ion cannot reach an equilibrium state. The structure is thus a thermodynamically unstable defect structure after implantation. Thermal annealing reduces the density of defect clusters and causes redistribution of implanted ions to form a microstructure that is closer to thermodynamic equilibrium. In the case of Ti implanted YSZ, this redistribution involves ordering of cations with Y on the A site and Ti/Zr on B site to form the A 2 B 2 O 7 pyrochlore domains.
Pyrochlore, A 2 3ϩ B 2 4ϩ O 7 , is a derivative of the fluorite structure, but with one-eighth fewer anions and two types of cation sites. The A-site cation is surrounded by eight oxygen anions that occupy the 48f sites, and B-site cation is coordinated to six oxygen anions. 7 In other words, there are two unique oxygen sites in the pyrochlore structure. Six oxygen anions occupy the 48f sites, surrounded by two A-site cations and two B-site cations, while the seventh oxygen atom occupies the 8b site and is surrounded by four A-site cations. The remaining unoccupied 8a sites are surrounded by B-site cations. In the defect fluorite structure (AB͒O 2 , there is no difference in cation coordination. Every cation is coordinated to eight oxygen anions and every oxygen is coordinated by four randomly distributed cations. Furthermore, the relative stability of both structures is governed by the ionic radius ratio of the A-and B-site cations (r A /r B ). The ratio (r A /r B ) of a pyrochlore phase is generally in the range 1.10-1.24. 8 A smaller ratio favors the fluorite structure. The effective ionic radii of Y 3ϩ and Zr 4ϩ with eight coordination are 1.015 and 0.84 Å, respectively. 17 The effective ionic radius of Ti 4ϩ with six coordination is 0.605 Å. 17 The partial substitution of Zr 4ϩ by Ti 4ϩ resulted in an increase in the average ratio of r A and r B , making the pyrochlore structure stable. This is consistent with previously reported structural transformations in highly doped Ti-YSZ investigated by Raman spectra. 18 Moreover, Ti 4ϩ usually prefers six oxygen coordination. 19 This preference of Ti 4ϩ for six oxygen coordination makes it prefer the B site along with Zr 4ϩ , while Y 3ϩ is in the eight-coordination A-site. This leads to cation ordering and the transition of the Ti-implanted defect fluorite (YZr͒O 2 to a pyrochlore Y 2 (Ti x Zr 1Ϫx ) 2 O 7 .
In summary, the formation of nanodomains of the pyrochlore phase Y 2 (Zr x Ti 1Ϫx ) 2 O 7 in Ti-ion implanted YSZ has been observed in Ti-ion implanted YSZ by TEM and HRTEM. The formation of the pyrochlore phase is the result of Y segregation and subsequent cation ordering that leads to the formation of pyrochlore structure.
